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Abstract

High Strength Low Alloy (HSLA) steels are candid&®eckbolt materials for use as underground roof
supports at Yucca Mountain nuclear waste reposiOrydation kinetics of International Rollforms 8 et
Friction Rock Stabilizers (SS46), and Swellex Mrs2dels have been determined by temperature modulate
thermogravimetry at temperatures ranging betwe&n"60to 900°C in pure oxygen atmosphere for 100 hr.
The imposed sinusoidal temperature modulationshenigothermal temperature did not have any apparent
effect on the weight gain characteristics duringlation. Weight gain data on the steels indicate distinct
regions with different oxidation profiles, wheredafinite change in rates of oxidation is obsenadirst

oxidation regime where the steels followed a rate | y =kt**°%

(changing index of rate law depending
upon steel and temperature) and a second stagatioxidegime that follows the parabolic law. Theulés of

characterization of the oxide films using SEM/EDAKd X-ray diffraction are presented.

Keywords C. High-temperature oxidatiofithermogravimetry, C. Oxidation Kinetics, C. Actiia Energy

1. Introduction

Metal or alloy deterioration occurs incessantly andservation or reversal of the process formshtss
for a huge industry. Alloys in their various compienis are segregated for use in specialized agiidias
based on the properties they are engineered tbiexHigh Strength Low Alloy (HSLA) structural steeare
considered to be candidate materials for Rocklaolts other underground metallic roof supports (tunibs,
borehole liners or mesh etc.) in the Yucca Mountdirtlear waste repository. Yucca Mountain located i
Nye county, Nevada and about 100 miles Northwestasf Vegas, Nevada was finalized as the nation’s
proposed repository for spent nuclear fuel in 1§87under the direction of congress based on itsoua
potential advantages. HSLA steels are microalloydgth specific alloying elements to increase the

mechanical strength, enhance formability and welithalas well as providing greater oxidation reaiste



(and atmospheric corrosion) than low carbon st$lsThe microalloying effect of various elementgh as
C, Si, Mn, Cu, and others on the corrosion resggtaf steels (including stainless steels) have bie&sussed
in standard texts [3-8]. Friction-type rock stat®lis [FRS] as rock reinforcement are needed to astipp
underground construction and have been in use #iec&970’s. Slotted and tapered [Split-sets] diapsed
[Swellex Mn-24™] steel tube-type FRS are the most commonly usedytoSplit sets were introduced
commercially in the 1997 [9]. A Split Set consiefdwo parts: tube and plate. The high-strengteldtge is
slotted along its entire length. The tube is taperteone end to facilitate easy insertion and theroend has a
welded ring which holds the plate firmly. A slighttmaller hole is made in the rock—bed and the, tulitt
the bearing domed plate in place, is driven intdAg& the Split Set is pushed into the smaller hiteslot
narrows, and the tube partially closes, simultasoaxerting radial pressure against the rock dtgefull
contact length. The dome shape of the plate prevadgtronger support to the tube as comparedi# pléte.
The grip of the Split Sets increases over time wottk shifts and rock bursts as the yieldable wirgirms to
the changing conditions while maintaining the hofdforce. The Swellex Mn-24 Rock bolt is made fijg o
double-folded thin-walled HSLA tube. The ends af RRock Bolt are sealed by welding bushings at timth
ends. A hole made in one of the bushings is usguitap in water at high pressure (~30 MPa) to exphad
bolt [10]. As the tube expands, it contours to shape of the surrounding rock asperities and the hater
the water is drained and the tube stays in frieticanchorage with the bore hole via contact steessel
mechanical interlocking due to roughness of theebole [10]. As the name suggests Mn stands foadaed

manganese as a strengthening agent and 24 staraltyfocal breaking load of 24 tons (US) for a Sitube.

The complex oxidation behaviour of iron and itoogd in air and pure oxygen is well known [11-17]
Boggs et al. [17] reviewed the effects of metal position, cold work, crystallographic orientati@tc on the
oxidation process. They clearly showed that redidoacentrations of impurities or additions like, A, Si,
which are less noble than iron tend to reduce ositlde adherence thus altering oxidation charatiesi
Uhlig [18] presented that oxidation rates are depehupon crystal orientations, lattice transfoiorat and
Curie temperatures at the metal-oxide interfaceChen and Yuen [19] have also compared oxidation

behaviours of commercial low carbon and ultra-lasbon steels at 700-950 in air showing the divergence



of oxidation kinetics from know parabolic law atricaus temperatures. They provide instances of where
steels under study showed very low oxidation rangsally then the rates accelerated and subsetfjuent
decelerated with time. They have reported parahmlie constants from “parabolic zones” and used the
numerical values to compare the oxidation behavi®igraggi [20] has shown the importance of using a
square root plot for measuring parabolic rate @oristas against to a square of weight-gain pload@kkers
[21] have shown the presence of a non-parabotiostent region in the initial stages of oxidation their Fe-
Cr-Al alloy samples which after longer times is Wmoto change into a stable scale growth obeying the
parabolic law. Several authors [22-26] have elaeoraon various mechanisms for oxidation governed by
different rate laws in iron and its alloys and edspky steels. Sachs and Jay [27, 28] have stuthed
decomposition of wustite (FeO) during continuouslitwy of different mild steel samples in a rollimgjll.
Their [27] concern was with the effect of coolirgtes on the thickness and structure of the oxidéesc
formed on rolled wire rods. In a second paper [p8)y examined the microstructural features of amatite
layer found in adherent oxide scales on steelsgiwvel an explanation as to the origin of the layed &s
contribution to the accelerated decomposition ef wustite layer. In a recent review, Chen and Y|29)
have provided an overview of the oxidation behawiofipure iron and carbon steels in air and oxygen.
However, their focus was on summarizing the efédatarbon content on the oxidation behaviour oélstes
compared to pure iron. Rather interestingly, theme only few studies that are devoted to deterrgitire
oxidation kinetics of structural steels in pure gag atmosphere at higher temperatures. Notablyn@[g0]
compared the oxidation kinetics of five structwstdels, a corrosion resistant ST2 steel, A36 (UNS&00)
general structural steel, A515 (UNS K02800) higimperature boiler and pressure vessel steel, AS8&(U
K11430) weather steel, and SM rolled steel for wdldtructure and determined that ST2 had the hides
term oxidation resistance (up to 18 days) in puseathosphere at 6. The composition of ST2 steel is
given in Table | for comparison purposes with tteels used in this study. Abuluwefa et al. [26]edetined

the effect of oxygen concentration (up to 15%)ighér temperatures from 1000 to 12%0 Khanna et. al
[31] illustrated the presence of an inversion pmeeoon and breakaway oxidation for Cr-Mo steels \8ith
They concluded that the phenomenon was not resdritct high Si steels and could occur as an effethieo

atmosphere used for oxidation.



The present study focuses on determination of tegiperature oxidation kinetics of two HSLA steels:
Split Set Rock Stabilizer designated as SS46 (4érgeo the tube diameter in mm) from International
Rollforms, Inc. (certified as ASTM A607-98, Grad® &fter chemical analysis) and Swellex Mn24 from
Atlas Copco., designated as AISI-SAE 1513 steel$UBIL5130) [32] . Table 1 below shows the chemical
composition of the alloys used in this study. It e seen that the main difference between SS46/a2d
is the increased Mn content in Mn24, and the pmaserf Si and Al in Mn24. The presence of Cu andyver
low levels of Cr are not expected to play any gigant role in the oxidation behaviour of Mn24 altigh
they increase the strength of the alloy [6]. laiso pointed out that the carbon content of ~0% wt both
the steels is well below the carbon contents atkvitie steels undergo decarburization [29]. “Drgrasion”
or “scaling” as High temperature corrosion is ofteslled, is evaluated by oxidation experiments with
variables such as temperature, pressure, reactinosphere, etc. Reaction rates, morphology of i@act
products, composition and changes occurring inlthge metal, all provide an insight into the oxioiati

mechanisms [4].

1.1. Oxidation Kinetics

The oxidation behaviour of metals and alloys hagerbelucidated in many texts [2-4] as mentioned
above; however a brief summary of the kinetic eiguat involved and the procedure for determining
oxidation kinetics used in this study are givenhis section. In principle, both isothermal and +iothermal

kinetics given by reaction rate) can be written as follows [33, 34]:

r= ‘jj—‘: = k(T).f (@) L)

where,a is the extent of reactionjs the time, an&(T) is the temperature dependent rate constant (stamn

value for isothermal experiments). The rate condtdlows an Arrhenius relation given by:
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wherek, is the pre-exponential factor (the intercef)s the gas constarit, is the absolute temperature and
AE, is the activation energy. The activation energglégermined from the slope of kwersus 1T plot. It is
suffice to say that the oxidation kinetics of a ahetr alloy is dependent on the nature of the oxideluding

its semi-conducting properties, adherence to thestsate, volatility, diffusivity etc.) formed, thepecimen
preparation with uniform surface finish, and thdadiming environment (pure £ air, or some simulated
environment such as kiln atmosphere). The weight @gpically normalized with surface area and gias
mg.cm?) as a function of time can follow a linear, parihologarithmic or cubic relationship and such
behaviour has been compiled for various metalsaliogs [2]. In general, the rate law for oxidatikimetics

can be given by:

W
=| — |=kt" 3
/-] o

where, (W/A) is the weight gain per unit area atett, k is the rate constant amds the time exponent of the

rate law.

2. Experimental

Oxidation weight gain experiments were conductedh ipure oxygen atmosphere using a commercial
state-of-the-art thermogravimetric analyzer [35]Uativersity of Nevada, Reno (TA Q500). It is equepp
with a continuous weighing capacity of 1.0 g, sewisy of 0.1 ug, can handle heating rates from 0.1 to 50
°C.min* and has the ability to perform temperature ModidaEGA (MTGA). The weight gain as a function
of time was recorded for HSLA steel specimens udaig acquisition software provided with the insteunt.
The data acquisition allows recording of weightnganodulated weight gain, temperature and modulated
temperature continuously as a function of time. Thass calibration of TA Q500 was performed
electronically by comparing with a known mass-gset the four point temperature calibration was pented

by determining the curie transition temperatur&lpfAlumel, and two Ni-Co alloys.



Specimens of nominal dimensions 2 mm x 3 mm x 5ware polished successively on emery papers of
grit size 240, 400, 600 and then fine polished witimina paste of im and 0.05um. The specimens were
then cleaned ultrasonically and degreased withleitophol. The samples were placed in tared H00
alumina pans and equilibrated (at a much highetiriggaate) to the temperatures of interest (6Q0to
900°C). The sample chamber (tube furnace) was purgédulra-high purity (UHP) oxygen at 90 mL.rin
and a flow of ultra-high purity argon at 10 mL.Miwas maintained in the balance chamber by meaas of
high precision Mass Flow controller (MFC). The tepecimens were held isothermally at a set temperat
for 100 hr periods. A sinusoidal modulation of aitygle +5°C was imposed for a period of 1 cycle per 200
seconds. This sinusoidal modulation creates arficati perturbation around the mean isothermal
temperature. The weight gain of the sample, tentiperaand other data signals from the instrumerrewe

recorded every 30 seconds.

Analyses on raw weight gain data as a functionimfetwere performed to determine the kinetic
parameters. It was assumed that the dimensionagelsa(for the purpose of determining oxidation ko
to the test specimen before and after oxidationeweegligible. Data after the specimens reached the
temperature(s) of interest were used for kineti@sneements and any weight gain that may have axturr
during the ramping period was neglected. The oxidased were ground and powder XRD was performed
to identify the species and phase composition. d%ide morphology was characterized using SEM and
EDAX was also performed to determine the oxide oositipn. Synchrotron x-ray microdiffraction
measurements were also performed on BL 12.3.2aAdvanced Light Source, Lawrence Berkeley National

Laboratory to supplement the SEM results.

3. Resultsand Discussion
Long term oxidation studies were carried out on H@LA steels, Mn-24 and SS46, under pure oxygen

atmospheres ad at different holding temperaturesd® hrs. The weight gain versus time plots fasth



alloys are given in Figures 1 and 2 respectivel§hadugh data were collected every 30 seconds,ithueels
show data for every 2 hours for clarity.

As seen from Figure 1 oxidation rates are seemdcease with temperature. Oxidation kinetics at all
temperatures (except at 68D) show a period of fast and linear oxidation falém by a sluggish phase. At
750°C, the kinetics is slower than those at ®7&fter about 22 hours. Oxidation kinetics at 7ZSnitially
follows the 756C kinetics closely and then is higher than the loveenperature as expected. At 825 and
900 °C, the oxidation kinetics are very fast right frdhe starting as compared to those observed at other
temperatures and undergo breakaway oxidation aftsr a few hours of oxidation. At 90T breakaway
oxidation is observed after about 30 hours and2& °€ it is observed after about 32 hours. Although
oxidation kinetics at 608C looks constantly increasing in Fig.1, there ifird@ spalling of the oxide layer
observed after about 37 hours on an expanded delaiting square of weight gain data per unit arsa
square root of time shows a strong change in shippoints where a break in protective oxide film is

encountered.

For SS-46 (Figure 2) oxidation rates show a coasisincrease with increasing temperature. Oxidation
rates at 600 and 67%C are slow initially up to about 22 hours as corepato the oxidation rates at
temperatures from 750 to 90C. Breakaway oxidation is observed for 9@ after only about 5.5 hours.
Changes in slopes indicating oxide spalling areenkel for 775°C at ~ 83.19 hours, for 80T at ~ 50.56

hours and for 825C at about 39 hours.

The experiments in this study were carried out lyyesposing a known irregularity in the temperature
regime to create an isothermal temperature profith a sinusoidal time varying perturbation. Sueh
perturbation can also be interpreted as a struwttungcertainty in the desired temperature. A typical
modulated temperature superimposed with the avasatigermal temperature and weight percent gaithfer
SS46 sample (T = 75tC) is shown in the inset in figure-2. Model fredcedation of activation energies
based on modulated weight gains observed are foureferences [36-38]. It is seen though, thatvatibon

energy calculation using the model free techniguequite dependent on the localized weight changes



occurring in the small time period of modulatioriBhe period of modulations chosen in all our experits
was only 200 seconds whereas the total durationnef experiment was 100 hours. It is expected that
temperature modulated thermogravimetry will be mogkevant when conducting nonisothermal ramping
experiments since the weight gain curves (dependpan the material) would display noticeable change
even with short time periods. Such an effect wél tnore pronounced depending upon the heating sate a
well. For example, the oxidation curves of purenin@ported by Roy et al. [39] in their nonisothefrma
experiments reveal a steep slope of the weight gairunit area. Therefore, in this study, we omhpbasize
the calculation of activation energy as well asdakion kinetic parameters based on the traditianalysis.
For the oxidation kinetics studies conducted fod&and Mn24 in this study, the oxidation regimesene
typically divided into three parts: (1) initial gf& oxidation region (that can be considered asbitbon
period for lower temperature but it is linear-tyfjoe higher temperature) (2) a first oxidation regirftime
exponent of rate law varying from 0.40 to 0.63, ef@ting upon material and temperature), and (3cargk
oxidation regime following parabolic-type oxidatitor longer oxidation time. A transient portionabserved
between each of the regimes where the kineticsrgods transition from one regime to another. A pfdbg
(y/kg.m?.s%) versus log (t/s) is shown in figure 3 for Mn24880D°C. It is visually clear that during the initial
stages of oxidation, the slope of d (log y) / dy(tp is relatively small. For SS46 it is 0.009 (61@), 0.014
(675°C), 0.017 (750°C), 0.074 (775°C), 0.041 (80(°C), 0.045 (825°C), and 0.015 (906C) whereas for
Mn24 it is 0.007 (600C), 0.023 (675C), 0.03 (750°C), 0.071 (775C), 0.053 (800C), 0.026 (825C), and
0.033 (900°C). For the first oxidation regime, a rate law wdetermined for SS46 and Mn24 which
confirmed to the general form of equation (3). B@46, the index of rate law varies from ~0.40 @65.

For Mn24, it varies from ~0.43 to ~0.63. A plotlo§ y versus log for determining kinetic parameters based
on the regression data is shown in figure 4 for Ma2 800°C and the values for rate constant and index of
rate law for SS46 and Mn24 at 600, 675, 750, 725, &nd 90CC for both the materials are compiled in
Table II. The fit of the linear regression for @ik curves was found to lie between 0.98 to 0.98. dbvious
from Table Il that the units d are not consistent for plotting kversus 1/T to determine the activation
energy for this first oxidation regime. Therefdia@r, the purpose of determining activation energyitidex of

rate law is assumed to be 0.52 for SS46 and Mn2glof of y versus 1°? is used to determine the rate



constant. The determined rate constants were thed i a plot of Irk versus 1/T (Figure 5 for Mn24 and
Figure 6 for SS46) and the activation energies wetleulated and are also tabulated in Table Il. The

activation energy for SS46 is 101.6 kJ and for Min2¢ ~82.27 kJ for the first oxidation region.

Longer oxidation periods (up to 100 hrs) showeddkielation kinetics to follow parabolic oxidatioorf
SS46 as well as Mn24. For SS46, parabolic regirsetes at: ~52.36 hrs (60C), ~65.7 hrs (675C), ~22
hrs (750°C), ~13 hrs (775C), ~65 hrs (806C), ~68 hrs (825C), and ~66.5 hrs(90tC); whereas for Mn24
the regimes started at: ~20.5 hrs (6a9, ~61 hrs (675C), 19.5 hrs (756C), ~34.5 hrs (775C), ~45.8 hrs
(800°C), ~50.6 hrs (825C), and ~50 hrs (90%C). Slope of a plot of versus root gives the values for the
rate constants in the parabolic regime for SS46Mn@4. It has been shown by Pieraggi et. al. [2@} t'a
plot of kinetics data aam versusf? is inherently superior tam? versus t plot for accurate determination of
steady state parabolic rate constant”. It has ls#®wn by numerous researchers [18, 30, 31, 40thét]
metals and alloys demonstrate oxidation rate lameg deviate from the classic Linear, Parabolic or
Logarithmic rate equations. Sometimes a combinadfahese rate laws is also observed for a mateviat a
period of oxidation times. Most of the times a pdriof transient faster kinetics is initially obsedy
succeeded by the steady state parabolic law. WHeimitial weight gaimm; does not contribute to steady
state rate control because of initial growth of fhpprotective oxide scale, Pieraggi [20] suggesting a plot
of Am versust™? for evaluation. He clearly demonstrated that the of aAn? versust plot for analyses does
not allow for the determination of the true parabobnstank, nor the transient weightm. A combined plot
of Am versust¥ for SS46 and Mn24 is shown in Figure 7 for comgariand shows the value lqf = 9.99 x
10° kg?.m*s? for SS46 at 756C is an order of magnitude higher than that for Mmich iskp = 1.717 x
10%° kg?.m*s* suggesting that the long term oxidation resistasfc®n24 at 750°C is better than that of
SS46. However overall comparisonigfvalues at different temperatures shows no defiiggestion of a
better oxidation resistance of one material overdther since the values are very erratic (FigyréBhough
the linear regression fit to the parabolic ratestants is extremely low, based on calculated vales/ation

energy of Swellex Mn24 was ~81.68 kJ and that fadswas found to be ~83 kJ.



Both the steels in this study are low carbon, Itlayasteels. The carbon content of the steels wa% is
well below the carbon contents that steels unddegmarburization [29]. Morphology of the oxides faunon
the SS46 and Mn24 steels was studied under Scafiéugron Microscope and Figures 9and 10 show the
micrographs for SS46 and Mn24 respectively at 6@D800°C. At 600C, both steels showed uniform grains
all over the surface. A single layered smooth osidale was observed on the steels. The oxide tay&n24
showed greater porosity as compared to that seé@mei®S46 oxide. Figure 9(a) and 10(a) show thdesxi
formed on SS46 and Mn24 respectively at %6€00The thickness of the oxide layer varied fromu33to
~45um for the SS46 sample at 6@ whereas the oxide layer on Mn24 was ~ff7at its thinnest and
~145um at its thickest after 100 hours of isothermalcaxolding. The oxide layer on Mn24 seemed to be
partially detached from the base alloy. The nomamahposition of the oxide layer on Mn24 at BDQs Fe
(75.73 wt%, 47.60 at %) and O (23.73 wt%, 52.086xtshowing that the oxide is primarily composed of
hematite and some retained wustite. Scale strictioend on steels vary considerably from the well-
established scale structures that form on pure[Rbn42-44]. Although pure iron sports a threeclay oxide
structure with wustite being the thickest innermiager, under normal pressure;k® is metastable below
570 °C (~843 K) and decomposes to metallic iron and ratign[45]. It has not been reported to be a
predominant oxide layer during long term oxidati@6]. For Mn24 oxidized at 675C, the oxide was
separated from the base alloy and lager grains wleserved in the interior of the alloy as compawethe
ones found near the oxide layer (not shown). Thainal composition of the oxide layer on Mn24 oxtiz
at 675C is Fe (72.76 wt%, 44.06 at %) and O (26.14 wt%26 at %) suggesting a mixture of hematite and
wustite. The oxide layer on SS46 oxidized at °€7Slisintegrated when the sample was taken out @f th
sample pan after the experiment. The base allognsdeo be intact but the oxide broke. EDAX results
suggest the presence of a mixture of hematite amghatite. The nominal compositions of the metatexi
interface for SS46 oxidized at 780 is Fe (78.99 wt%, 52.3 at%), O (20.49 wt%, 47a8%), and Mn (0.52
wt%, 0.35 at%). The 100-hour SS46 sample seemsitictoto the sample pan and when it was pulled thet;
oxide layer broke from the substrate but did naintégrate. For Mn24 oxidized at 800 three distinct
layers are observed, innermost layer of wustite€OjfF-@n intermediate layer of magnetite {89 and the

outermost layer rich in oxygen of hematite {Bg. Chen and Yuen [29] have described the formatibn

10



blisters and different layered scale structurey vegll. Stresses due to different diffusion coeéfits of iron

and oxygen, different thermal expansion coeffigesftthe oxide scale and the substrate and théqitaof

the oxide scale are factors causing blisteringnefdcale. Once the scale detaches from the base thié iron

rich wustite formed near the substrate is oxidimetigher oxides after long term oxidation [29, 42]. The
pseudomorphic conversion of wustite to hematitealg thermodynamically favoured involving internal
atomic arrangements in the dry state [46]. The gsscusually takes place at higher temperatures. The
presence of a thin layer of wustite is also a tesfithe very slow cooling rate of the samples [4TMe
approximate thickness of the layers measured on4dvb¥dized at 800°C was: FeO—304m, FeO,—
106um, FeOs—varied between 160 to 16#. For SS-46 oxidized at 8GC, the micrograph shows a thin
layer of magnetite separated from the wustite laydustite is not reported as a predominant layemdu
steel oxidation in literature but our studies o6&t 800°C indicate otherwise. This can be confirmed only
after performing a depth-profile analysis of thedized sample. The wustite layer on SS46 was +38.4nd

the hematite layer was ~13@n in thickness. The presence of the aforesaid deiglers was confirmed with
Synchrotron white beam x-ray microdiffraction, thesults for which are shown in figures 9 and 10
respectively for SS46 and Mn24. The sample wasrszhnnder a 1 um size polychromatic beam with a 2.5
um step size and a Laue diffraction pattern has bemlected at each step and indexed for phase
identification. In both samples, the presence ofifite and wustite was confirmed but no diffractattern
could be obtained from the layers identified as medite by EDAX, indicating that this latter oxiderined
with a very fine nanometer size grain structure garad to the micrometric size of the wustite anchéwite

grains.

4, Conclusions

1. The high temperature oxidation kinetics of Inteiordl Rollforms Split Set Friction Rock Stabilizers

(SS46) and Swellex Mn24 steels have been detern@iné00°C, 675°C, 750°C, 775°C, 800°C, 825

°C, and 90CC for a period of 100 hr. oxidation To the besbaf knowledge, this is the first reported

study on the oxidation kinetics of these steels.
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2. The analysis of the oxidation weight gain curvesboth SS46 and Mn24 show that there are three

distinct oxidation regions: an incubation periodfirat oxidation region, where the steels followade

law given byy(kg-m)=kt***"*%2and a parabolic oxidation regime thereafter.

3. The rate constants determined for the first oxadategion for the steels show that the activatioergies
of both the HSLA steels is comparable at 82.27kJM024 and 101.6 kJ for SS46. Activation energy

was calculated assuming an average time exponéhé oate law of 0.52 for SS46 and Mn24.

4. Parabolic rate constants for both the steels shmwiderable scatter on an Arrhenius plot. Activatio
energies of ~81.68 kJ for Swellex Mn24 and ~83 &J SS46 were determined based on calculated
parabolic rate constants. The scatter on the tstants is attributed to the observed blisterihgxade
scales and breakaway oxidation. Similar discrem@nbiave been observed by Hiaal. [40] during
oxidation studies in low alloy steels oxidized unéigh pressure oxidative environment from 700 to

1000°C for oxidation times between 10 to 250 hours.

5. The SEM/EDAX of the metal oxide interface at lowemperatures show the presence of a thick hematite
layer with possibly some wustite, whereas at higeenperatures three distinct oxides of iron can be
identified in the scale. The presence of wustites een confirmed by performing synchrotron
microdiffraction. Also, the powder x-ray diffracticof the oxide layer at 90U (9 hr oxidation times)
also showed the presence of wustite in noticealdetibn although the pattern was predominantly

hematite and magnetite (figure 11).
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Figure 5. Activation energy for Mn-24 for the firstidation regime is calculated from a plot of In

In kikg- m 257052
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Figure 7. A plot ofy versus root for SS46 and Mn24 to show the long term paralmlidation behaviour at

750°C. The parabolic rate constant of Swellex Mn24ni®aler of magnitude lower than SS46.
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Figure 8. A plot of Ir’kp(kg.m'z.s'l) versus 1/T (K) to determine the activation enefigy(a) Mn-24 and (b)
SS-46 for the second oxidation regime. Scatter emperature dependence of the parabolic

constants on the Arrhenius plot is attributed tédesscale failure and the formation of different

oxides [39].
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Figure 9. Oxide layer on SS46 (a) after 100 hofisx@ation at 600C under pure oxygen. (b) Three distinct
layers in the oxide scale observed after 100 hdation at 80°C. L to R: Wustite, possibly
magnetite and hematite layers are identified basedthe EDAX results and validated by

synchrotron microdiffraction.

Mn24_600C 20.0kV 12.dmm x700 SE(M) 7/27/07 50.0um

T = 800 °C S | -4 «+— Fe distribution

Epoxy = F&,0, . L HS «—Wustite distribution
o A

«+— Hematite distribution

- —

]
Mn24_800C 20.0kV 11.8mm x150 SE (M) 7/27/07

-120 418 -ME -7 =116 =15 <114

Xatage {rom)




Figure 10. Oxide layer on Mn24 (a) after 100 haafrexidation at 600C under pure oxygen. Oxide layer
separation is observed at the steel-scale interfapehree distinct layers in the oxide scale
observed after 100 hr oxidation at 8@ Synchrotron microdiffraction confirmed the pnese of

hematite, magnetite and wustite layers from L toTRe scale formed on this alloy is thicker than

SS46.
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Figure 11. X-ray Diffraction Pattern of as-receiv®846 sample and after oxidation at 900 The oxidized

sample shows predominantly hematite and magnetitensticeable amounts of wustite.

Table 1. Chemical analyses of the Rockbolt useHigstudy§

Alloy Ni Cr Mo Si Mn | C P S \%
SS46 (ASTM A607- \% Cb/Nb Cu+Ni+
0.06| 0.02 | 0.03| - 0.68 0.07 0.01 o0.01

98, Grade 50) 0.038 | 0.007 Cr+Mo 0.22
Al Cu

Swellex Mn24 0.05 0.042 0.027 0.24 1..16 0{16 0.pD3D04 N 0.006
0.054 | 0.17
V

ST2 0.26]| - - 0.27] 0.77 0.11 0.023 0.019 Ce 0.78| Ti 0.04¢4
Trace

®Balance Fe.

®The high strength structural steel with better atiish resistance reported by Chang [30].
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Table 2. Rate constarK)(@nd order of reactiom] for the first oxidation regime
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T Index of Rate Law 2 ma Activation ko
.Tg (C) ) Rate constant (k) (kagn“s") energy (k3 (kg?m*s05)
(0]
T
=
600 0.4257 2.675x 10-4
0.52 9.23 x10-5
675 0.6272 9.097 x 10-5
0.52 3.46 x 10-4
750 0.5022 6.039 x 10-4
0.52 4.85x 10-4
<
I 0.573 3.375x 10-4
S| 0.52 6.46 x 10-4 82.21 91
800 0.4343 2.011x10-3
0.52 6.82 x 10-4
825 0.5734 8.235x 10-4
0.52 1.54 x 10-3
0.4736 3.214 x 10-3
900 0.52 1.75 x 10-3
600 0.4568 9.328 x 10-5
0.52 4.46 x 10-5
675 0.6234 5.401 x 10-5
0.52 2.05x 10-4
750 0.6342 1.405 x 10-4
0.52 4,91 x 10-4
©
< 0.5679 3.856 x 10-4
% 775 052 6.47 x 10-4 101.58 65.91
800 0.4680 1.439 x 10-3
0.52 8.03 x10-4
825 0.4808 1.572 x 10-3
0.52 7.58 x 10-4
900 0.4046 7.236 x 10-3
0.52 1.84 x 10-3

®The units of the rate constant will change accaydinthe index of rate law].

PSince the index of rate law is actually different the two temperatures (hence different units)pfto

determine activation energy the index was assumdsen = 0.52 for consistent units while plotting kn

versus 1T.
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